For several flows of laboratory turbulence, we obtain long records of velocity data. These records are divided into numerous segments. In each segment, we calculate the mean rate of energy dissipation, the mean energy at each scale, and the mean total energy. Their values fluctuate significantly among the segments. The fluctuations are lognormal, if the segment length lies within the range of large scales where the velocity correlations are weak but not yet absent. Since the lognormality is observed regardless of the Reynolds number and the configuration for turbulence production, it is expected to be universal. The likely origin is some multiplicative stochastic process related to interactions among scales through the energy transfer.
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I. INTRODUCTION
Turbulence spans a wide range of scales, from small scales in the dissipation and inertial subranges to large scales in the energy-containing subrange. While the small scales have been studied in detail,
1 the large scales have not thus far. There should remain unknown features that are crucial to understand the basic physics of turbulence. Here, we reveal that the rate of energy dissipation, the energy at each scale, and the total energy fluctuate significantly over large scales in lognormal distributions. This lognormality is expected to be universal because it is observed regardless of the Reynolds number and the configuration for turbulence production.
Landau 2 was the first to discuss such a large-scale fluctuation. The discussion was that the local rate of energy dissipation ε should fluctuate significantly in space over large scales.
Obukhov 3 also discussed the large-scale ε fluctuation. The ε fluctuation was assumed to be lognormal. This is because the fluctuation of any positive quantity could be approximated by a lognormal distribution with appropriate values for the average and standard deviation.
The large-scale fluctuations are known to exist on some level, 4,5 but their details are not known. Experimentally or numerically, any detailed study requires long data that are composed of numerous ensembles. Each ensemble is required to cover smallest to largest scales of turbulence. Such long data have not been available. The situation is nevertheless improving for laboratory experiments, owing to improvements of the measurement technologies.
We have accordingly undertaken experimental studies of large-scale fluctuations. 6, 7 By using long velocity data obtained in a wind tunnel, we have shown that the largescale fluctuations are always significant. 6 Their standard deviations are comparable to the averages. Also for a case of grid turbulence, we have shown that the large-scale a Electronic address: hmouri@mri-jma.go.jp b Also at Meteorological and Environmental Sensing Technology, Inc., Nanpeidai, Ami 300-0312, Japan fluctuations of the energy dissipation rate, the energy at each scale, and the total energy are lognormal.
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The next problem is whether the large-scale lognormal fluctuations exist in other turbulent flows. For grid turbulence, boundary layers, and jets at different Reynolds numbers, we show that the lognormal fluctuations do exist. The standard deviations are almost the same among the flows. It is thereby implied that the lognormality is not a mere approximation 3 but is due to some common process. We discuss this and other implications. Table I shows experimental conditions and turbulence parameters for grid turbulence (G1 and G2), boundary layers (B1 and B2), and jets (J1 and J2). The dataset G2 is from our previous work. 7 We note that G2 and B1 as well as B2 and J1 have similar values of the microscale Reynolds number Re λ .
II. EXPERIMENTS

A. Wind tunnel and anemometer
The experiments were carried out in a wind tunnel of the Meteorological Research Institute. We adopt coordinates x, y, and z in the streamwise, spanwise, and floornormal directions. The corresponding flow velocities are U + u, v, and w. Here U is the average while u, v, and w are the fluctuations. The origin x = y = z = 0 m is on the floor center at the upstream end of the test section of the wind tunnel. Its size was δx = 18 m, δy = 3 m, and δz = 2 m. These values of δy and δz remained the same also to x = −4 m.
The wind tunnel had an air conditioner. If necessary, the conditioner was used to constrain the variation of air temperature. The resultant variation was ±1
• C at most in each experiment, where the kinematic viscosity ν is assumed to have been constant.
To simultaneously measure U +u and v, we used a hotwire anemometer. The anemometer was composed of a constant temperature system and a crossed-wire probe. The wires were made of platinum-plated tungsten, 5 µm TABLE I: Experimental conditions and turbulence parameters for grid turbulence (G1 and G2), boundary layers (B1 and B2), and jets (J1 and J2). The velocity derivative was obtained as ∂xv = [8v(x + δx) − 8v(x − δx) − v(x + 2δx) + v(x − 2δx)]/12δx with δx = U/fs. in diameter, 1.25 mm in sensing length, 1 mm in separation, oriented at ±45
• to the streamwise direction, and 280
• C in temperature.
B. Flow configurations
For the grid turbulence, we placed a grid at x = −2 m across the flow passage to the test section of the wind tunnel. The grid was composed of two layers of uniformly spaced rods, with axes in the two layers at right angles. For the jets, we placed a contraction nozzle. Its exit was at x = −2 m and was rectangular with the size δy = 2.1 m and δz = 1.4 m. The center was on the tunnel axis. We set the flow velocity at the nozzle exit to be 16 m s The skewness factor v 3 / v 2 3/2 and the flatness factor v 4 / v 2 2 at each of the measurement positions were close to the Gaussian values of 0 and 3. Here · denotes an average. These Gaussian values imply that turbulence had been fully developed and various eddies filled the space randomly and independently. 9, 10 Not always close to the Gaussian values were u 3 / u 2 3/2 and u 4 / u 2 2 . They tend to be sensitive to largest scale motions induced by either the grid, roughness, or nozzle.
C. Data sampling and processing
The anemometer signal was linearized, low-pass filtered, and then digitally sampled. We set the sampling frequency as high as possible, on the condition that highfrequency noise was not seen in the power spectrum. The filter cutoff was at one-half of the sampling frequency. We obtained a long record of 4×10 8 data in each experiment, except for 1 × 10 8 data in B1. The anemometer signal is proportional to the flow velocity, through the calibration coefficient that depends on the condition of the anemometer and thereby varied slowly in time. For individual segments of each data record, the length of which is fixed for the record and ranges from 4 × 10 6 to 2 × 10 7 data, we determined the coefficient so as to have the same U value. The coefficient within each segment is estimated to have varied by ±1% at most.
We converted u(t) and v(t) at time t into u(x) and v(x) at position x, by using Taylor's frozen-eddy hypothesis, x = −U t, which requires that u 2 1/2 /U is small enough. This requirement was satisfied in our experiments where
3, Taylor's hypothesis holds valid as demonstrated by data obtained simultaneously with two probes separated by streamwise distances.
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Since u(t) and v(t) are stationary, u(x) and v(x) are homogeneous, although actual turbulence in the wind tunnel was not homogeneous along the x direction. Over small scales, fluctuations of u(x) and v(x) correspond to spatial fluctuations that actually existed in the wind tunnel. Those over large scales do not. They are interpreted R among segments with R/Lu = 10 for grid turbulence (G1 and G2), boundary layers (B1 and B2), and jets (J1 and J2). We also show the number of the segments used for the analyses. as fluctuations over long timescales described in terms of large length scales.
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To calculate small-scale statistics such as the mean rate of energy dissipation ε , we used ∂ x v instead of usual ∂ x u by assuming local isotropy, (
Over smallest scales, the u component measured by a crossedwire probe is contaminated with the w component that is perpendicular to the two wires of the probe. 13 The v component is free from such contamination.
III. RESULTS AND DISCUSSION
The data records are divided into segments with length R. For each segment, the center of which is defined as x c , we calculate the mean energies at scale r < R as with
The mean total energies are also calculated as
These are coarse-grained quantities where fluctuations at scales smaller than R have been smoothed away. We study their statistics as a function of R. The results are summarized in Figs. 1-3 and Table II . The segment length R is given in units of the correlation length L u . This is the representative of large scales. Fig. 1 but for example, the standard deviation of ln v
FIG. 2: Same as in
The average is over all the segments. With an increase of R, the standard deviations decrease, but they are not so small even at largest R. Thus, large-scale fluctuations of δv (Table II) .
The flatness factor of ln v
At R/L u ≃ 10 0 -10 2 , the skewness and flatness factors are close to the Gaussian values of 0 and 3. Thus, large-scale fluctuations of δv 2 r and v 2 are lognormal. The lognormality is expected to be universal because it is observed in all the datasets. They are different in the Reynolds number or the flow configuration. Also for δu 2 r,R (Table  II) , we observe the lognormality. Figure 4 shows the probability density distributions of ln δv 2 r,R and ln v 2 R at R/L u = 10. The distributions are Gaussian, at least in the observed range that extends to several standard deviations from the peak.
In some datasets, deviation from the lognormality is seen for u 2 R (Table II) . It tends toward the lognormality but suffers from largest scale motions of the flow (Sec. II B).
The lognormal fluctuations observed here are distinct from those modelled by Kolmogorov.
14 While he was interested in small-scale intermittency 1 and studied δu n r at small r to obtain their scaling laws, we are interested in large-scale fluctuations and study δu n r,R at large R. The scaling laws of δu n r,R are not necessary. Thus, our study is not necessarily concerned with the well-known problems of Kolmogorov's lognormal model, e.g., violation of Novikov's inequality 15 for scaling exponents. In addition, we are not intended to argue that the lognormality is exact (Sec. III E). 
C. Correlation among large-scale fluctuations
The correlations are significant for most of the quantities. They tend to fluctuate synchronously. The datasets share interesting features. Between ln u decrease of r, the correlation of ln δu 2 r,R against ln v 2 R is increasingly strong, while that of ln δv 2 r,R is increasingly weak. Taking also account of the observed decrease of the standard deviations with a decrease of r (Sec. III A), we consider that the fluctuations originate in large r. Those in the u and v components are originally uncorrelated but become correlated in the course of their propagation to the smaller r.
D. Large-scale fluctuations of small-scale quantities
We have studied δu Figs. 1(a), 2(a), and 3(a) , the scale 30η lies in the dissipation subrange. The scale 100η lies in the inertial subrange with δu 2 r ∝ r 2/3 . This subrange extends beyond 300η if the Reynolds number is high enough. We also study the energy dissipation rate averaged over each segment
with Table III shows the results at R/L u = 10. The fluctuations are lognormal. The correlations against ln v 2 R have the same features as in Table II . However, compared with the standard deviations at fixed r/L u in Table II , those at fixed r/η in Table III tend to scatter among the datasets. Therefore, the fluctuations are described in terms of the correlation length L u that represents large scales, rather than in terms of the Kolmogorov length η that represents small scales (see also Sec. III C).
The standard deviation of ln ε R is larger than that of ln δv 2 30η,R , although the standard deviation of ln δv 2 r,R decreases with a decrease of r down to 30η. Probably, ln ε R suffers from small-scale intermittency that causes a broad ε distribution.
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For ε R in the dataset B1 and B2, we see deviation from the lognormality. This is achieved at the larger R. In fact, at R/L u = 100, the skewness factor is +0.03 (B1) or +0.00 (B2). The flatness factor is 3.04 (B1) or 3.00 (B2).
E. Origin of large-scale lognormal fluctuations
Regardless of the Reynolds number and the flow configuration, the energies δu 2 r and δv 2 r at scale r, the total energies u 2 and v 2 , and also the energy dissipation rate ε fluctuate over large scales in lognormal distributions. Their standard deviations are almost the same among the flows (Secs. III A, III B, and III D). Hence, some common process is at work, which is discussed here.
The observed fluctuations originate in turbulence itself. They are too strong to be an experimental artifact, i.e., some variation in the condition of the wind tunnel or the measurement system. In addition, if such a variation were responsible for the fluctuations, they should exhibit a correlation between u 2 R and v 2 R that is actually not significant at all (Sec. III C).
A lognormal fluctuation is induced by some multiplicative stochastic process, e.g., a product of many independent stochastic variables, Q N = N n=1 q n . Its logarithm is a sum of many independent stochastic variables, ln Q N = N n=1 ln q n , which is Gaussian according to the central limit theorem. For the lognormal fluctuations observed here, the process is related to interactions among scales through the energy transfer.
7 While the mean energy transfer is to a smaller scale and is significant between scales in the inertial subrange alone, the local energy transfer is either to a smaller or larger scale and is significant between all scales. 6, [17] [18] [19] Thus, any scale interacts with itself and with many other scales.
The fluctuations observed for different scales r tend to be synchronous (Sec. III C). This is consistent with the above explanation that the fluctuations are induced by interactions among scales.
The rate of the energy transfer does not have a lognormal fluctuation because the rate could change its sign.
Although the fluctuation of this rate is important, it is beyond the reach of our experimental study.
To apply the central limit theorem, there exist various forms of sufficient but not necessary conditions. 20 The essence is that the stochastic variables are all alike and no few of them dominate the others. It is also required that, among the variables, correlations are absent exactly or at least practically. These requirements have to be satisfied by the interactions among scales that are to reproduce the observed lognormality.
The interactions are also required to involve a wide range of scales because the lognormal fluctuations are observed up to large R and down to small r. Large scales are especially important as implied by the observed features of the standard deviations and correlations (Secs. III A and III C).
The central limit theorem does not determine the distribution at its tail, which might deviate from the lognormal distribution and even might depend on the Reynolds number or the flow configuration. Whether such a tail is prominent depends on the case. An extreme case could be the observed deviation from the lognormality of u 2 R in some datasets (Sec. III B). Nevertheless, the lognormality is important at least as an idealized model because it exists only if the logarithm is subject to the central limit theorem. The lognormality also accounts for most of the distributions in the observed range (Fig. 4) . To observe the distributions over the wider range, much longer data are necessary. . The fluctuations are not lognormal and no longer explained by a multiple of independent processes. This is because the correlations u(x + R)u(x) and v(x + R)v(x) are too strong. The observed deviation from the lognormality is different among the dataset. Note that, among the figures, different are the ordinates for the skewness and flatness factors. Since this R range for small scales has been studied in detail, 1 we do not study it any more.
At R/L u 10 2 , the correlations u(x + R)u(x) and v(x+R)v(x) are absent. Then, any segment with length R is divisible into many subsegments that are independent of one another. The length R * of these subsegments is such that L u ≪ R * ≪ R. By using a sum over the sub-
Here x cn is the center of the n-th subsegment. The sum is subject to the central limit theorem and thereby fluctuates in a Gaussian distribution. 22,23 In other words, when R/L u is large enough, quantities such as Rv 2 R are additive. 6 The value of an additive quantity for a region is the sum of its values for the subregions that are independent of one another.
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Such additive quantities are well known in thermodynamics and statistical mechanics, for which correlations are absent over scales of interest.
IV. CONCLUDING REMARKS
For several flows of laboratory turbulence, we obtained long records of velocity data. These records were divided into numerous segments with length R. In each segment, we calculated the mean rate of energy dissipation ε R , the mean energies δu The lognormal fluctuations are of large scales, R/L u ≃ 10 0 -10 2 , where the correlations u(x+R)u(x) and v(x+ R)v(x) are weak but not yet absent. This R range had not been studied, although it lies in between the ranges that had been studied in detail.
We explained the lognormal fluctuations by applying the central limit theorem to the logarithm of a multiplicative stochastic process, which was related to interactions among many scales through the energy transfer. To apply the central limit theorem, it is required that the interactions are all alike and do not have mutual correlations. In addition, features of the observed fluctuations require that the interactions involve a wide range of scales. Large scales are especially important.
The first discussion on large-scale fluctuations was by Landau, 2 who argued against the universality of smallscale statistics discussed by Kolmogorov. 25 Kolmogorov discussed that small-scale statistics depend on ν and ε alone and are thus universal. Landau discussed that small-scale statistics are not universal because the largescale ε fluctuation is significant and is not universal. In practice, large-scale fluctuations are universally lognormal. Their standard deviations are also almost universal. Even if large scales affect small scales through the ε fluctuation, 3, 26 it does not necessarily violate the universality of small-scale statistics. However, past experiments suggested that some small-scale statistics are not universal and depend on the large-scale flow. 6, 11, [27] [28] [29] Since the Reynolds numbers of these studies might not have been high enough to distinguish between small and large scales, 30, 31 it is desirable to study the effect of large scales on small scales at the higher Reynolds numbers.
Finally, we note that the large-scale lognormal fluctuations are not restricted to those of turbulence. They should also exist in other nonlinear systems that have many degrees of freedom. This is because, regardless of the process details, lognormality exists only if the logarithm is subject to the central limit theorem. However, so far as we could see, no example is known. It is desirable to explore the lognormal fluctuations in various systems, promisingly over length scales or timescales where correlations are weak but not yet absent. We expect that the large-scale lognormal fluctuations turn out to be ubiquitous, far beyond those of turbulence observed here.
2
R remain close to the Gaussian values. The reason is that, if the standard deviation is small enough, a Gaussian distribution is approximated by a lognormal distribution. We underline that the lognormality observed at R/Lu 10 2 for v 2 R is not due to such an approximation. This has been ascertained also for δv 2 r,R and so on. 23 The other implication of Eq. (7) is that the standard deviation of v 
